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M. abscessus exists either as smooth (S) or a rough (R) colony morphotype variants 69 associated with distinct clinical outcomes (5). Previous epidemiological studies have highlighted the 70 association of the R variant, persisting for many years in the infected host, with a rapid decline in 71 the pulmonary functions (6-8). It is well established that these morphological differences between S 72 and R variants are dependent on the presence or absence of surface-exposed glycopeptidolipids 73 (GPL), respectively (5, 9, 10). However, our knowledge of the pathophysiological characteristics 74 and interactions between R or S variants with the host immune cells remains largely incomplete and 75 is hampered by the lack of animal models that are permissive to persistent M. abscessus infection. 76
Intravenous injection or aerosol administration of M. abscessus in immunocompetent BALB/c 77 mice fails to establish a persistent infection, typified by a rapid clearance of the bacilli from the 78 liver, spleen and lungs within 4 weeks (11). Immunosuppression is required to produce a 79 progressive high level of infection with M. abscessus in mice, as shown in nude, SCID (severe 80 combined immunodeficiency), interferon-gamma (GKO) and granulocyte-macrophage colony-81 stimulating factor (GM-CSF) knock-out mice (12) . 82
The contribution of B and T cells in the control of M. abscessus infection has been studied in 83 C57BL/6 mice with Rag2 -/-, Cd3e -/and µMT -/knockouts. These studies indicated that infection 84 control was primarily T cell dependent in the spleen, and both B and T cell dependent in the liver 85 (13). In addition, IFNg-receptor KO mice (ifngr1 -/-) were significantly impaired in their control of 86 M. abscessus both in the spleen and in the liver, with markedly different granulomas and more 87 pronounced in TNF -/mice (13). This points to the central role of T-cell immunity, IFNg and TNF 88 for the control of M. abscessus in C57BL/6 mice, similarly to the control of M. tuberculosis 89 infection. 90
In recent years, alternative non-mammalian models, such as Drosophila (14), Galleria larvae 91 (15) , and zebrafish embryos (16) have been developed to study the chronology and pathology of M. 92 abscessus infection and for in vivo therapeutic assessment of drugs active against M. abscessus. In 93 particular, zebrafish embryos have delivered important insights into the pathogenesis of M. 94 abscessus and the participation of innate immunity in controlling infection. The optical 95 transparency of zebrafish embryos has been used to visualise the formation of large extracellular 96 cords by the R form in vivo, representing a mechanism of immune subversion by preventing 97 phagocytic destruction and highlighting the importance bacterial virulence factors such as the 98 dehydratase MAB_4780 and the MmpL8 MAB lipid transporter (9, 17, 18 To establish the susceptibility of adult zebrafish to infection by M. abscessus, we performed a dose 116 escalation experiment up to 10 6 CFU per animal with the rough (R) and smooth (S) variants of the 117 reference strain CIP104536 T . While animals underwent a period of sickness behaviour within the 118 first week of infection, we did not observe mortality for up to 4 weeks post infection (wpi) (data not 119 shown). To determine if M. abscessus produces a persistent infection in adult zebrafish, we 120 performed CFU recovery on animals infected with a standard dose of 10 5 CFU ( Figure 1A) . We 121 observed a progressive clearance of the R variant with a 1-log reduction in burden from 1 day post 122 infection (dpi) to 4 wpi (P=0.018). Conversely, the S variant was recovered at a consistent burden 123 across the 4 week duration of the experiment (1 dpi vs 4 wpi, P=0.12). 124 125 Adult zebrafish mount a robust inflammatory response to M. abscessus infection. 126
We hypothesised that the better survival of the S variant compared to the R variant could be 127 attributed to reduced immunogenicity of the CIP104536 S cell surface and differential modes of 128 growth in macrophages (24). To test this hypothesis, we performed qPCR detection of zebrafish We next performed histology on adult zebrafish infected with fluorescent M. abscessus R. At 3 dpi, 145 bacteria were diffusely spread through the peritoneal cavity with occasional foci of infection located 146 external to peritoneal organs. From 10 dpi to 2 wpi we noted a heterogeneous mix of unorganised 147 lesions ( Figure 2A ) and organised lesions with stereotypical concentric rings of nuclei around a 148 central focus of bacteria and necrotic debris in all animals ( Figure 2B ). We also observed the 149 appearance of very large abscess-like granulomas filled with fluorescent bacteria and necrotic 150 debris measuring over 600 µm at a rate of no more than 1 per infected animal from 2 wpi onwards 151 ( Figure 2C abscessus S was observed to grow freely in mesenteric spaces and form poorly organised cellular 163 granulomas at 2 wpi ( Figure 3A ). We observed the appearance of tissue-invasive organised 164 granulomas at 4 wpi ( Figure 3B ). Although these granulomas could reach similar size to the very 165 large abscess-like granulomas seen in M. abscessus R infection, there was little Oil Red O staining 166 in M. abscessus S granulomas indicating a lack of foam cell formation ( Figure 3B ). 167
We observed a significant increase in the proportion of organised granulomas in S-infected 168 adult zebrafish from 2 to 4 wpi ( Figure 3C ). Similarly, the proportion of fluorescent bacteria 169 associated with organised granulomas significantly also increased from 2 to 4 wpi corresponding to 170 the consolidation of M. abscessus S into granulomas ( Figure 3C ).
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Given the requirement for T cells to maintain granuloma structure in adult zebrafish M. marinum 174 infection (23), we next asked if there was T cell involvement around M. abscessus granulomas 175 using the recently described TgBAC(lck:GFP) vcc4 zebrafish line (23, 27). We observed T cell 176 association and penetration throughout unorganised and organised M. abscessus R granulomas, but 177 T cells were largely excluded from the cores of the very large abscess-like lesions ( Figure 4A ). 178
Conversely, we did not observe T cell interaction with M. abscessus S growing around peritoneal 179 organs until invasive granuloma formation after 2 wpi, which was indistinguishable from the T cell 180 response to M. abscessus R infection ( Figure 4B) . 181
To directly test the requirement of T cells in containing M. abscessus we next utilised the 182 lck -/-sa410 mutant line which is T cell-deficient. We infected wild type (WT) control and lck -/-sa410 183 mutant adult zebrafish with both the S and R variants. T cell-deficient adult zebrafish were 184 significantly more susceptible to M. abscessus R infection with reduced survival over 4 weeks of 185 infection (P = 0.0005, Log-rank test) ( Figure 4C ). T cell deficiency had a less pronounced effect on 186 the survival of animals infected with M. abscessus S compared to M. abscessus R infection (WT S 187 vs lck-/-S P = 0.03, Log-rank test), although both groups eventually succumbed to infection at the 188 same rate after 5 wpi (P = 0.78, Log-rank test) ( Figure 4C ). Consequently, bacterial burden was 189 significantly increased in 2 wpi lck -/-sa410 mutants infected with the R ( Figure 4D It is well known that the intracellular lifestyle of S and R M. abscessus variants differ 237 significantly, resulting in entirely distinct infection scenarios (28). The absence of GPL on the outer 238 mycomembrane causes corded growth of R variants, resulting in multiple bacilli being 239 simultaneously phagocytosed by macrophages and overloaded phagosomes that rapidly activate 240 autophagy pathways (28). Comparatively, the S variant is able to survive for an extended period of polar infection responses may explain why the R displays increased granuloma formation at 2 wpi, 243 compared to S which shows a significantly delayed onset of granuloma formation. Moreover, this 244 observation matches the superior in vivo growth performance of S bacilli compared to R ( Fig 1A) , 245 suggesting that the R variant is at an overall disadvantage because of its intrinsic hyper-246 inflammatory status and the activation of effective adaptive immunity that results in granuloma 247 formation. Taken together, our data provides additional evidence for the distinct intracellular fates 248 of both S and R variants in vivo, and further implicates the role of adaptive immunity in granuloma 249 formation and control of M. abscessus infection in an adult zebrafish model. 250
Our qPCR analysis surprisingly demonstrated that the S variant elicits greater production of 251 il1b; a key inflammatory cytokine, during the first 2 wpi compared to the R variant ( Fig 1B) . It is 252 likely that this observation is the nett effect of progressive increase in bacterial burden of S variants Animals subjected to cryosectioning as previously described (34). Briefly, euthanasia was 319 performed by tricaine anaesthetic overdose and specimens were fixed for 2-4 days in 10% neutral 320 buffered formalin at 4°. Specimens were then rinsed in PBS, incubated overnight in 30% sucrose, 321 incubated overnight in 50/50 30% sucrose and OCT, and finally incubated overnight in OCT prior 322 to freezing at -80°. Cryosectioning was performed to produce 20 µm thick sections. Sections were 323 post-fixed for 1-2 minutes in 10% neutral buffered formalin and rinsed in PBS prior to further 324 processing. Slides for fluorescent imaging were mounted with coverslips using Fluoromount G 325 containing DAPI. Oil Red O staining was performed as previously described (34, 36). T cells were 326 detected in sections from TgBAC(lck:GFP) vcc4 zebrafish by anti-GFP staining (primary antibody: 327 ab13970, Abcam; secondary antibody: ab150173, Abcam), stained slides were then mounted with 328 coverslips using Fluoromount G containing DAPI. All imaging was carried out on a Leica 329 DM6000B microscope. 
